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Abstract
We report on the sensing stability of quantum nanosensors in aqueous buffer solutions for the two
detection schemes of quantum decoherence spectroscopy and nanoscale thermometry. The electron
spin properties of single nitrogen-vacancy (NV) centers in 25-nm-sized nanodiamonds have been
characterized by observing individual nanodiamonds during a continuous pH change from 4 to
11. We have determined the stability of the NV quantum sensors during the pH change as the
fluctuations of ±12% and ±0.2 MHz for the spin coherence time (T2) and the resonance frequency
(ω0) of their mean values, which are comparable to the instrument error of the measurement system.
We discuss the importance of characterizing the sensing stability during the pH change and how the
present observation affects the measurement scheme of nanodiamond-based NV quantum sensing.
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INTRODUCTION
Diamond nitrogen-vacancy (NV) centers have attracted much attention as nanoscale
quantum sensors [1, 11, 13–15, 23, 34, 43, 45]. NV centers possess unpaired electron spins in
diamond lattice structures that can be optically detected (optically detected magnetic reso-
nance: ODMR) with ultra-high sensitivity down to the single electron spin level [9, 21, 25].
These electron spin properties, such as the resonance frequency and the spin relaxation
time, are dependent on multiple physical quantities (magnetic field, electric field, and tem-
perature), so that one can measure their local values around the NV quantum sensors
[1, 11, 14, 23, 34, 43, 45].
This attractive multifunctionality of the NV quantum sensors, however, complicates data
analysis under most physiological conditions. Among the NV-quantum sensing schemes,
quantum decoherence spectroscopy [10, 20, 33, 35] and nanoscale thermometry [30, 40, 51, 64]
are promising for biological applications. In decoherence spectroscopy, the change in the T2
coherence time is detected, while, in thermometry, the frequency shift of the electron spin
resonance is observed. These spin properties (either T2 or resonance frequency ω0) can
be simultaneously affected by various parameters, for example, local heat generation in
cells [12, 30, 31, 40, 42, 62] or the local concentrations of ions [20] and pH [38, 61]. Thus,
before proceeding to real biological applications, one needs experiments under controlled
conditions to exclude factors, other than the sensing target, that may change the spin
properties.
Nanodiamonds are biocompatible and are excellent NV carriers that can be delivered
into complex biological structures including cells, organelles, and tissues [5, 37, 51, 63]. This
portability provides distinct advantages over bulk-diamond-NV centers in biological sensing.
However, the spin properties of nanodiamond NV centers are more sensitive to the surface
chemistry than the bulk-diamond NV centers because of the small distance between the NV
centers and the surface, which degrades the spin properties [24, 47, 48, 54]. Moreover, the
surface of nanodiamonds is neither uniform nor well defined in contrast to the flat surface
of bulk diamond [19, 28, 39, 44]. The spin properties of nanodiamond NV centers are, thus,
thought to be more susceptible in physiological conditions.
One of the most influential parameters in biochemical experiments is the pH. As chemical
sensors, nanodiamonds are required to be used in a wide range of pH [46, 49, 53]. For intra-
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cellular applications, nanodiamonds will experience various pH depending on the locations;
for example of cellular uptake, endosomes show pH of 6.0-7.0 in the early stage of endocy-
tosis and later around 4.0 [55]. The pH affects the surface potential of the nanodiamonds
and has been demonstrated to convert the charge state of the NV centers between NV0
and NV− [26, 27, 50]. Very recently there have been several reports that this charge-state
instability indeed affects the ODMR measurements, such as compromising the measured
spin relaxation time [7, 57, 66]. Thus properly characterizing the spin coherence of the ND
quantum sensors in various pH conditions is required.
Here, we report on the spin-coherence stability of single nanodiamond-NV quantum sen-
sors during a continuous pH change between 4 and 11, the range that is of particular impor-
tance for biochemical experiments. During the pH change, the NV spin coherence time (T2)
and the spin resonance frequency (ω0) did not show any particular dependence on the pH
but fluctuations corresponding to that observed in the steady-pH buffer solutions. We have
determined the sensor stability of the NV quantum systems, which provides the fluctuations
of ±12% and ±0.2 MHz for T2 and ω0 of their mean values. The observed fluctuations are
discussed in relation to the NV-quantum sensing schemes such as decoherence spectroscopy
and thermometry.
EXPERIMENTS
Sample preparation
A commercially available nanodiamond suspension (Microdiamant, MSY 0-0.05, median
particle size: 25 nm) was purified by centrifugation and dispersed in distilled water. A small
droplet of the suspension was spin-coated on a cleaned coverslip to disperse and immobilize
the nanodiamond particles on the coverslip surface. A 25-µm-thin copper wire was placed
on the coverslip and both of the ends were soldered with electric connectors. An acrylic
chamber with a height of a few millimeters with inlet and outlet tubes was then glued on
the coverslip using a UV-curing resin. It was sealed with a glass plate.
The topographies of the spin-coated samples were obtained using an atomic force micro-
scope (AFM, Bruker, Edge). The AFM image is shown in Fig. 1a. The peak heights of
the distributed nanodiamonds were measured to obtain the particle size distribution, which
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FIG. 1. (a) Atomic force microscopy topography image of 8× 8 µm region and (b) the correspond-
ing particle size distribution. A large number of particles smaller than 10 nm in the region are
considered to be debris (not diamond) included in the centrifugation process.
indicated a mean particle size of 30 nm based on log-normal fitting (Fig. 1b). Dynamic light
scattering measurements (Malvern, Zetasizer Nano ZS) were also used to obtain the particle
size distribution, which indicates a size of 58 nm (log-normal fitting), which is slightly larger
than the result obtained from the AFM measurements (Fig. 1c).
Optical measurements
The perfusion chamber was mounted on a three-axis piezo stage and observed by a home-
built confocal fluorescence microscope (Fig. 2a). A continuous-wave 532-nm laser was used
for the excitation with a typical excitation intensity of ca. 90 kW·cm−2 for the image
scanning and second-order photon correlation measurements, which is near the fluorescence
saturation laser intensity (Supplementary Fig. S1†). An oil-immersion microscope objective
with numerical aperture of 1.4 was used for both the excitation and the fluorescence collec-
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FIG. 2. (a) Schematic drawings of the experimental setup for the perfusion chamber, optical
layout and microwave circuit. AOM: acousto-optic modulator. ND: neutral density: LLF: laser
line filter. HWP: half-wave plate. L: lens. DBS: dichroic beam splitter. LPF: long pass filter.
CCD: charge-coupled device camera. BS: beam splitter. APD: avalanche photodiode. (b) The
pulse sequences used for the electron spin measurements for CW, Rabi, and echo. 532: green laser.
MW: microwave. Sig: signal counter. Ref: reference counter.
tion. The NV fluorescence was filtered by a dichroic beam splitter (Semrock, FF560-FDi01)
and a long pass filter (Semrock, BLP01-561R) to remove the residual green laser scattering.
The microscope was then coupled to an optical fiber that acted as a pinhole (Thorlabs,
1550HP, core diameter ca. 10 µm). The fiber-coupled fluorescence was finally guided into a
Hanbury–Brown–Twiss (HBT) setup that consisted of two avalanche photodiodes (Perkin
Elmer SPCM AQRH-14) and a 50:50 beam splitter. For the spectral measurements, the
microscope was connected to a fiber-coupled spectrometer equipped with a liquid-nitrogen
cooled charge-coupled device (CCD) camera (Princeton, LNCCD). By scanning the sample
with the piezo stage, we were able to obtain fluorescence scanning images of the nanodia-
monds. A time-correlated single-photon counting module (PicoQuant, TimeHarp-260) was
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used to obtain second-order photon correlation histograms to identify single NV centers by
measuring the antibunching.
The perfusion chamber was first filled with water and then exchanged with the buffer
solutions. We used two kinds of mixed buffer solutions to measure the pH range between
4–7 and 7–11. A citric acid (0.1 M)–Na2HPO4 (0.2 M) mixed buffer solution was used
to control the pH range to 4–7. For the pH range of 7–11, a Na2CO3 (0.1 M)–HCl (0.5
M) mixed solution was used. The pH of the solutions was varied stepwise by ∆pH ∼ 1
by changing the mixing ratio of the two constituents. During the optical excitation, these
solutions were pumped through the perfusion chamber continuously at a rate of 80 µL·min−1
to prevent photothermal aggregation of the nanoparticles [41] (these nanoparticles may be
nanodiamonds detached from other places or ionic salt nanocrystals created by mixing the
buffer solutions).
Electron spin resonance (ESR) measurements.
Microwaves were generated from a microwave source (Rohde & Schwarz, SMB100A)
and amplified by 45 dB (Mini-circuit, ZHL-16W-43+). The microwaves were fed to the
microwave linear antenna in the perfusion chamber (Fig. 2a). The typical microwave exci-
tation power for the continuous-wave ODMR spectral measurement was 35 dBm (3.2 W).
The avalanche photodiode (APD) detection was gated for microwave irradiation ON and
OFF by using a radiofrequency (RF) switch (Mini-circuit, ZYSWA-2-50DR-S) and a bit
pattern generator (Spincore, PBESR-PRO-300) [16]. The gate width was 200 µs, common
to both gates, followed by a laser shut-off time of 100 µs, giving ION
PL
and IOFF
PL
(see Fig. 2b)
with a repetition rate of 2 kHz. Note that an external magnetic field was not applied in
this study. We selected NV centers that showed naturally single or doubly split (and well
separated in frequency) ODMR peaks to excite only the single resonance peak of either of
the transitions between |0〉 → |±1〉 in the following pulsed ODMR measurements. [32, 60].
The Rabi and spin echo measurements were performed on either of |0〉 → |±1〉 transitions
identified from the cw ODMR spectra. The Rabi signal determines the pulse durations of
pi/2 and pi pulses for the subsequent spin echo measurements (see Fig. 2d). The spin echo
measurements determine the spin coherence time (T2). Note that we measured both pi/2–
pi–pi/2 and pi/2–pi–3pi/2 sequences and subtracted these signals from each other to cancel
6
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FIG. 3. (a) A confocal fluorescence scanning image of the nanodiamonds in the citric-acid–
Na2HPO4 buffer solution at pH 7.0. (b) A second-order fluorescence photon correlation histogram
of the central fluorescence spot in Fig. 3a. The accumulation time was 100 s. (c) The fluorescence
spectrum of the emission. (d) The ODMR spectrum of the NV center. (e) Its Rabi profile and
(f) spin-echo profile. The Rabi and spin echo measurements were performed on the |0〉 → |−1〉
transition (indicated by the arrow) identified from the cw-ODMR spectrum in this measurement.
the common mode noise in the spin echo measurements [8].
RESULTS AND DISCUSSION
Figure 3a shows a confocal fluorescence scanning image of the nanodiamonds in the
citric-acid–Na2HPO4 buffer solution of pH 7.0; there is a fluorescent spot at the center.
Figures 3b,c show the second-order photon correlation histogram and the spectrum of the
emitted fluorescence, respectively. By curve fitting to the data based on the equation in
Ref. 6, we determined the excited-state lifetime to be 13.0 ns and the lifetime of the nearby
metastable state to be 95.8 ns. The fluorescence spectrum consists of a zero-phonon line at
around 637 nm and a broad phonon sideband ranging from 650 to 750 nm. These observed
fluorescence properties allowed us to clearly identify nanodiamonds that incorporate single
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FIG. 4. The CW-ODMR spectra (left panel) and the corresponding spin-echo profiles (right panel)
of the single NV center during a pH change from 4.1 to 7.0.
NV centers for the subsequent measurements.
After we had identified single NV centers, we measured the ODMR signals. Figure 3d
shows the ODMR spectrum of a single NV center. The peak splits without an external
magnetic field because of the lattice strain in the nanodiamond, which is well known for NV
centers in nanodiamonds [32, 60]. We set the microwave frequency to either of the two peaks
(here, the left peak is chosen: 2.8660 GHz). Figures 3e,f are temporal profiles of the Rabi and
spin echo sequences. In the Rabi sequence, the microwave pulse duration was varied and the
resultant fluorescence change was recorded. By fitting the damped sinusoidal function to the
data, we determined the time duration of the pi pulse. With this pi pulse (and its half pulse
pi/2), the spin echo can be measured. The spin echo signal shows exponential decay with a
spin coherence time (T2) of 1862 ns. We performed this set of the spin measurements each
time that the pH was changed. Note that the first dot (20–40 ns) of the spin echo signal is
omitted from the curve fitting because the pulse duration is not as short as designed because
of the timing jitter of the RF switch (ca. 10 ns). Note also that we used a single exponential
fitting to all the following data because of the short T2 time. It is well known that spin echo
profiles show exp [−(2t/T2)
α] with α = 1 − 3 when T2 is long, such as 10 µs [29, 36, 60].
However, the echo profile can be approximated as a single exponential when T2 time is short.
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FIG. 5. (a) The fluctuation of each T2 measurement value relative to its mean (T
M
2 ) as a function
of pH. In total, seven nanodiamonds were investigated. All the nanodiamonds contain single NV
centers. The upper-left five nanodiamonds were measured in the phosphate-based buffer solution
and the lower right two were in the carbonate-based buffer solution. The solid lines are for ease of
visualization. (b) The corresponding ω0 fluctuation of the respective NV center to its mean over
the pH range. The error bars are the fitting errors.
We, therefore, use single exponential fitting by taking α = 1 in the present study.
Figure 4 shows the ODMR spectra and the corresponding echo profiles of the single NV
center at pH 4 to 7. In the spin echo measurements, we excited the left peak. The ODMR
spectra are almost the same during the pH change and the echo profiles basically show single
exponential decay. The T2 times are 2491, 2202, 2495, and 1910 ns at pH 4.1, 5.0, 6.0, and
7.0, respectively. There was a fluctuation in the T2 coherence time, but there is no clear
dependence on the pH. We, therefore, measured the echo profiles at different pH values for a
number of single NV centers in the nanodiamonds to assess the pH dependence by statistical
means. We measured the T2 coherence time at each pH and normalized the value to the
mean value (TM2 ) to show the relative deviation of the measurement to the mean (T2/T
M
2 ).
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The results are graphically summarized in Fig. 5a. Analogously, the resonance frequency
was measured to determine the fluctuating peak shift from its mean value (Fig. 5b). Both
the T2 time and the resonance frequency show a certain range of fluctuations with typical
errors of 5–15 % for T2 and 0.06–0.18 MHz for ω0, but there is no clear dependence on the
pH. The optical excitation power used in these measurements were 18–50 kW·cm−2.
In addition to these statistical measurements, we measured the NV sensing stability and
repeatability in the same pH range with lower optical excitation intensity of 5.4 kW·cm−2 to
avoid associated effects of the high optical excitation intensity, such as optical decoherence
(laser power broadened linewidth) and photoionization of the NV charge state, since these
effects might affect the NV sensing stability determined in the above experiments. Figures 6
a,b show T2 and ω0 of a single NV center during the repeated pH change from 6.1 → 5.1
→ 4.1 → 5.1 → 6.0 → 7.0 → 8.0 → 7.0 → 6.0 with a step size of ∆pH = 1. The data
again show no significant dependence of the NV sensing ability on the pH change but show a
certain range of fluctuations. While T2 shows almost constant value within the error range,
ω0 exhibits a relatively large shift compared with its error on the order of hundreds of kHz
up to 1 MHz.
To clarify the origin of the fluctuation, we quantified the experimental error of the present
quantum spin measurement scheme. We measured the fluctuations of the T2 time and
resonance frequency over 19 h for single NV centers in the same buffer solution at constant
pH of 6.1 with the similar optical excitation intensity of 5.4 kW·cm−2. It was observed
that ω0 shows sudden shifts on the order of hundreds of kHz as can be seen in Fig. 6. The
standard deviation of this 19-h measurement is ±6.2 % of the mean T2 time and ± 0.24
MHz of the mean ω0 (see Table I). Nevertheless, most of the data points shown in Fig. 5
are located within the range of this measurement fluctuation, indicating that the pH does
not affect the T2 and ω0 within the error range of the present spin measurement parameters
(number of accumulation, step size, etc...). It is therefore concluded that the effect of pH
to T2 and ω0 is smaller than the instrument measurement error of the present experimental
system. Note that the stability of the NV spin properties measured in the buffer solutions
is almost the same (or even better) as that in an air environment (see Table II).
It should be noted that the fluctuations of T2 and ω0 mainly come from the fluctuations of
the fluorescence photon counts and the ODMR spectral shape. The pH change and aqueous
environment affect the NV charge stability and hence fluorescence emission properties. Since
10
TABLE I. The spin properties of the single NV center in the phosphate-based buffer solution at
pH 6.1 over 19 h.
Time [h] ωR0 [GHz] ∆ω
R
0 [MHz] T2 [ns] ∆T2 [ns]
0 2.88757 0.10 1381 188
2.03 2.88766 0.09 1251 143
5.8 2.88898 0.12 1060 120
13.4 2.88856 0.09 1343 142
17.4 2.88837 0.10 937 158
19.1 2.88742 0.10 1374 133
Mean 2.88809 1224
Std. Err. 0.24 [MHz] 76 [ns]
TABLE II. The spin properties of the single NV center in air (on coverslip) over 24 h.
Time [h] ω0 [GHz] ∆ω0 [MHz] T2 [ns] ∆T2 [ns]
0 2.88758 0.06 620 81
4.42 2.88763 0.11 531 47
17.2 2.88830 0.12 978 102
20.3 2.88857 0.14 916 92
23.25 2.88916 0.09 504 33
24.95 2.88934 0.01 420 42
Mean 2.88843 662
Std. Err. 0.30 [MHz] 94 (14%)
the NV spin measurement relies on the fluorescence detection, these fluorescence fluctuation
significantly affects the sensitivity and precision of the NV quantum sensors, i.e. making
noise. While we have not observed any particular pH dependence of the NV quantum
sensors, this noise can be regarded as the effect of pH change or buffer solutions to the NV
quantum sensing.
Indeed, during the long-term optical excitation, some NV centers were destabilized. These
NV centers showed stable fluorescence initially but were later destabilized, resulting in flu-
orescent bursts or blinking, as shown in Fig.S2. Such an instability is caused by the optical
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FIG. 6. (a) T2 and (b) ω0 of a single NV center during the repeated pH change of 6.1 → 4.1 → 8.0
→ 6.0, measured with a lower optical excitation intensity of 5.4 kW·cm−2. The error bars are the
fitting errors.
excitation in aqueous solutions and has not been observed in air, which causes the mea-
surement noise in the end. We believe that this destabilization is related to the surface
adsorption of water or solvent molecules, causing the photoionization of NV charge states.
This point is important when performing the spin measurements in aqueous environment,
and the continuous irradiation by the laser no longer guarantees the stability of the NV-
fluorescent probes, particularly at the single NV level. The effect of the photoionization
needs to be reduced by decreasing the laser power in case of the long-term tracking of nan-
odaimonds, though robustness of the NV centers is different particle by particle (see Fig. S3†
for example).
Increasing the surface oxidation coverage can also improve the photostability. The pho-
toionization is related to the charge instability of NV centers, which switches between NV0
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and NV−. Such charge state conversion is strongly related to the surface termination of
nanodiamonds, as has been demonstrated in relation to the charge conversion between these
two states by applying an electric potential and surface termination [22, 26, 27, 50, 66].
The surface-oxidized diamonds do not show charge conversion under the electric field be-
cause the band is lower than the potential of the electrolyte. The surfaces of our present
nanodiamonds could be oxidized further by acid cleaning or high-temperature treatment
to prevent destabilization in aqueous solutions [58, 65]. Note that measurement of the
zeta potential of the nanodiamonds in the present experimental conditions is not possible
because high ionic strength of the present buffer solutions causes the sedimentation of nan-
odiamonds [2, 18, 67, 68]. Zeta potential measurements in diluted suspensions are possible
and performed as described in Fig. S4†.
We also note that the present experiment does not provide information on the relation-
ship between the surface pH and NV spin properties. The surface inhomogeneity by which
the nanodiamond-NV centers might have some pH dependence could result in significant
differences between the surface pH and the bulk pH. The surface pH is an important param-
eter for nanoparticle science [4] in biological applications, and it may be necessary to study
the effect of the surface pH in the future.
The present results concerning the fluctuations of T2 and ω0 in the quantum spin mea-
surement schemes provide an important direction for the real implementation of nanoscale
thermometry [30, 40, 51, 64] and quantum decoherence spectroscopy [10, 20, 33]. For exam-
ple, NV-nanodiamond thermometry is promising for biological analysis and is expected to
allow the observation of cells in activated conditions, such as neuronal excitation [3, 51, 59]
and mitochondrial activity [42]. The resonance frequency of ODMR has a temperature de-
pendence of −74 kHz·K−1 and, through this change, one can measure the local temperature
around the nanodiamonds. A realistic temperature range monitored during mammalian
cellular activities is 34–42 ◦C with a standard temperature of 38 ◦C [12, 31, 42, 62]. This
means that only a temperature change of ±4 ◦C (±0.3 MHz), at largest, is expected.
Since our measurement method based on the curve fitting to the whole spectral profile
is useful as a first choice Given our experimental error of ω0 to be ±0.2 MHz over the
16-h measurement, more stable and high precision schemes to determine ω0 with a fast
acquisition time should be implemented. While the present method based on curve-fitting
to the whole spectral profile is useful as a first choice in the biological applications, it takes
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a long measurement time to reach the sufficient precision. With the data acquisition time
of 12 min, it can reach an error of ± 35 kHz for ω0 (Fig.S4), though it is not realistic to
spend more than 12 min to determine the parameters. Ratiometric analysis of the ODMR
spectral shape may be a good choice to simultaneously obtain the precision and the fast
acquisition speed. Another technique that may overcome this measurement error is a use
of statistical analysis of number of NV nanodiamonds to obtain high precision [51]. The
same discussion also applies to the decoherence spectroscopy where the T2 relaxation time
is fitted to the whole profile of the exponential decay of the spin coherence time. In case of
the decoherence spectroscopy, single point analysis has been proposed and demonstrated for
T1 measurements [52]. Implementing these ratiometric analyses or statistical analysis seem
necessary for the real biological applications.
CONCLUSION
In conclusion, we have reported the effects of aqueous buffer solutions on the electron
spin properties of single NV centers in 25-nm-sized nanodiamonds by tracking individual
nanodiamonds during continuous pH changes in the range of pH 4 to 11. During the pH
changes, the T2 time and the spin resonance frequency did not show any particular pH
dependence but did show fluctuations that correspond to the experimental errors observed
in the steady-pH buffer solutions over 19 h (± 23% and± 0.2 MHz for T2 and ω0 of their mean
values). The observed fluctuations are significant when performing nanoscale thermometry
and quantum decoherence spectroscopy in various biological contexts and more stable and
faster measurement schemes should be necessary such as ratio-metric analyses.
Measuring the stability of the spin properties of single nanodiamond-NV centers during
the pH change is important to the future development of nanodiamond-based NV quantum
sensing, because the measured spin properties can be compromised by the charge-state
instability of NV centers as recently reported [7]. Furthermore, bare nanodiamonds cannot
be dispersed in high-ionic-strength buffer solutions [18, 68] that include most biochemical
buffers, such as phosphate-buffered-saline cell culture media. Consequently, it is important
to functionalize the nanodiamond surface to prevent aggregation or binding with other
biological molecules [17, 56]. Surface functionalization is also used for nanodiamond-based
pH sensors [46]. However, after the surface functionalization, nanodiamonds must maintain
14
the original spin properties at various pH values. The present results and measurement
scheme can provide a way to evaluate the stability of such quantum sensors in the stage
of material development before the use, thus allowing the exploration of the applications of
NV quantum sensors for biological and biochemical applications.
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